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1. ABSTRACT

This paper introduces an innovative methodology for evauating the relative sgnificance of
energy-efficient technologies applied to fluorescent lamp balasts. The method involves
replacing the point estimates of life cycle cost of the balasts with uncertainty digtributions
reflecting the whole spectrum of possible costs, and the assessed probability associated with
each value. Wefirgt examine the overal impact of variations of input variables to output
variables such as Life-Cycle Cost (LCC) and payback time through the established andytica
models for a specific product class - two balasts operating two Lamp FA0T12/ESlamps. The
study then investigates the extent to which each input variable affects the outputs using the

importance assessment and the sengtivity andyss. Findly, we revise the input distributions that



are proven to be more influentid on the output than other inputs and refine the andyss. The
results of uncertainty and sengtivity andyses will help analysts reduce effort in data collection
and carry on andysis more efficiently. These methods aso enable policymakersto gain an
ingghtful understanding of which efficient technology aternatives benefit or cost what fraction of

consumers, given the explicit assumptions of the anayss.

2. INTRODUCTION

Studies of the impacts of energy-efficient technology on gopliance energy consumption have
played an important role in aiding federa and Sate regulators devel op gppliance and lighting
efficiency standards, and assess the expected economic impacts of proposed standards on
consumers and manufacturers. The procedure for establishing federd standardsis managed by
the U.S. Department of Energy, and requires athorough eva uation to ensure that any new or
amended standard achieve the maximum improvement in energy efficiency that is determined to
be technologicdly feasble and economicdly judtified. The law requires a number of economic
factors to be congdered, among which are the economic impact on manufacturers and
consumers, and the savingsin lifetime operating costs compared with the increase in product

price [NAECA 1987].



Two parameters that provide a measure of the benefit or cost to consumers of new energy-
efficient technologies are their life cycle cogts (LCC) and payback times. Life cycle cost is
defined astheinitid cost to the consumer, plus energy costs and other costs of operation and
maintenance over the lifetime of the technology, discounted to present vaue. Payback timeis
the time in years required for an energy-efficient technology's savingsin energy and other
operaing cogts to equa the incrementa cost of the efficient technology over the basdine
technology. A reduced life cycle cost of an energy-efficient technology as compared to the
basdine technology assumed by the study provides an important economic judtification for

energy efficiency sandards incorporating the new technology.

However, developing convincing estimates of LCCsfor existing and new energy-efficient
technologies requires addressing a number of concerns. Many variables can have some effect
on LCC, but not dl of these have an equdly large effect. Modding the LCC of atechnology
can require gathering data on a dozen or more such variables. For example, eectronic balast
technology examined in this paper can require data on up to 14 variables for LCC, and 12
variablesfor payback time* Without specid toals, the technology assessor does not know
which of these varigbles contribute sgnificantly to uncertainty in the result, and which havelittle

or no effect.

1 Among the fourteen variables in the LCC calculations, four of them are fixed values, one
is a scenario variable, and the rest are defined as probabilistic distributions. The variables
for the LCC, but not for payback are: discount rate and ballast lifetime.
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Compounding this difficulty is the problem of data availability and riability. For some
variables, datamay be widdly available; for others, the sources may be poor or nonexistent,
requiring the modeler to make guesses, or extensive efforts to fill the gap. A tool to help the
modder identify the variables with little or no influence on LCC, payback time and other widely
used indicators would help reduce analyss time and wasted effort, and increase confidence in
the fina assessment. Identifying those variables which are significant but for which little deta are
available would tell the investigator where to focus data-gathering resources, knowing that a
vaiableisaless significant contributor to the output indicator can mean that existing datais

sufficient input to the modd even though it may be incomplete.

This paper discusses three steps for examining the relative significance of technology-specific
input variables to output variables such as LCC and payback time for energy-efficient
technologies: the overdl uncertainty assessment, importance andyss, and the sengtivity
andyss. We apply these methodol ogies, and show how they can be used to andyze the
uncertainty and variability of inputs, in this case, for two-lamp fluorescent lamp ballast systems
common in the commercid sector. Then we discuss how the results of uncertainty and
sengtivity analyses provide useful information to policymakers concerning which efficient
technology dternatives cost the consumer more or less, given the explicit assumptions of the

andyss.



Uncertainty analyss refers to the determination of the overdl variation in an output due to the
collective effect of inputsthat either are not completely known or vary with individua data
points through a quantitative modd, and the relaive impacts of inputs on the output [Morgan
and Henrion, 1990]. An example of an uncertain input, in this sudy, islifetime of the
fluorescent lamp ballasts—the exact vaue of average bdlast lifetime is uncertain because the
digtribution of valuesis not completely known, even though some data points from this
digribution are known. Thisis often desgnated as a Type B uncertainty [Hoffman and
Hammonds 1994]. Type A uncertainty, also referred to as variability (or heterogeneity), is

explained below.

The overdl uncertainty analys's can provide some measure of how wide are the range of
outputs. It reflects the whole spectrum of possible true vaues of the outputs, and the assessed
probability associated with each value. However, it does not tell us how to identify the input
variables that have the largest effects on the output variables. Using importance assessment by
caculating rank order correlation between each individua input and the output, we are able to
partition the overdl variaion in output among the input variables. In the example described in
this paper, the importance assessment determines that eectricity price, balast life, and annua
lighting hours have the largest effect of nine variables on total LCC and LCC saving (change of

tota LCC from the basdline to design options). It provides a method of winnowing out the most



ggnificant variables from a set.

Having conducted the importance assessment to determine which of the input variables are
most important in their effect on the output variable, the investigator can now examine the effect
of variahility in an individua input on the output variable while holding other varigbles as
congtants. It answers such questions as. how much does the LCC change due to variationsin an
individud input, e.g., eectricity price? What percentage of consumers see atotd lower LCC

vs. ahigher LCC for agiven range of eectricity prices? This can be done with a sengtivity
andyss on sHected important variables. The sengtivity andys's determines the changesin
modd response as aresult of changesin individua modd parameters through an established
quantitative model. It is usudly conducted by varying oneinput parameter, while dl other
variables are kept as fixed values. The purpose isto show what one-to-one correspondence
exists between the output and the input parameter under the study, given an assumption that no
other factors play arole. Once knowing the underlying one-to-one relationship between an
important input, say the lighting hours, and the output, the LCC saving, we can easlly anticipate
what likely output variation would be given the varigbility of the input data. The lighting hours of
al commercid buildingsinthe U.S. reflect the intra-variability (or heterogenaity) in the sampled

data set and often isreferred as Type A uncertainty [Hoffman and Hammonds, 1994].



3. UNCERTAINTY ANALYSIS

Table 1 illugtrates the inputs for the single-value gpproach to life-cycle cost (LCC) for one class
of fluorescent lamp badladts, the two-lamp FA0T12/ES, which is commonly used in the
commercid sector. We consdered three desgn options. Design 0 isthe baseline, aMagnetic
balast 2 (M). Design 1, thefirst of the two more efficient designs is the Cathode Cutout (CC).
Design 2 isthe Electronic Repid-Start design (ERS). For the range of discount ratesin this

analysis, (4, 8 and 12 % redl), the cathode cutout has the lowest LCC.

We performed the uncertainty analysis on a Macintosh computer, and used the Median Latin
Hypercube variation of a Monte Carlo smulation as the sampling method. The data sources for
the three key variables are the same as those used in the sengitivity anadlys's described in detall
later in this paper. The dectricity pricesfor dl utilities are from investor-owned eectric utility
sdes and revenue data [EIA 1996] for 1995 combined with publicly owned dectric utility rates
[EIA 1995] for 1994. The annud lighting hours distribution was developed from Xenergy's
lighting equipment database [ Xenergy, 1995] (see 4.11). We caculated ballast consumer prices

by andyzing Bureau of Census reports, using vaue and shipment data for 1993 and 1995 (see

2 For historical reason, the baseline is commonly referred to as “energy efficient” magnetic.
It isthe least efficient of the three designs considered here, but is more efficient than
some other magnetic designs.



4.111). Where data are not as abundant for other inputs, we specified triangular distributions

based on prior knowledge.

For many of the variables in thistable, the values for each of the three options are the same.
The vaues displaying the important differences among these designs are their balast retall
prices, and the number of fixture watts. More energy efficient ballasts cost more to purchase
but require less power to produce a given quantity of light, so they have lower annud dectricity
costs. The data sources we used to estimate many of these inputs show awide variability. The
U.S. average price of dectricity in the commercid sector in the year 2000 is projected to be
$0.075/kWh (1994%). Local prices range broadly from $0.01 to 0.15/kWh. Electricity price

here represents a Type A uncertainty, because of its wide variability.

Thereisvery little reliable data on balast lifetime, and thus it represents a Type B uncertainty,
because there are an insufficient number of data points. From discussons with facilities
managers and other users, we estimate balast life at 33,000 hours, mean, with arange from O
to 65,000 hours. Annua lighting hours ranges from O to 8,760 hours/yr, with a mean of 3600
hrslyr. Bdlagt service life, measured in years, is defined as the balast life in hours divided by the
number of annud lighting hours (hoursfyr). The mean is 7.8 years, with arange of 0 to 26 years.
The large ranges in these inputs suggest that LCC is highly variable, and it isavariable of Type

A.



Figure 1 isthe probability dengty for the totd life cycle cost (Tot_Icc) in dollars caculated at
8% discount rate, given the estimated variability or uncertainty in dl the input variables. It shows
the results of taking 1,000 samples from the possible ranges of the input variables. The tota

L CC vaues range from $40 to $465, with amean of $188. The next step isto attribute to each

of the input variables its contribution to this overdl uncertainty.

4. IMPORTANCE ASSESSMENT

To determine the ranking of input variablesin order of sgnificance of ther effect on the
uncertainty of the outputs, we conduct an importance analysis on the input variables by
caculating the rank order correlation coefficients between each of the input variables and each
output variable. Rank order correlation (or Spearman correlaion) is measured by computing
the ranks of the probability samples, with the largest value assigned arank of 1 and the smdlest,
the rank of n, and then computing their correation. Rank order is agood measure of the
strength of monotonic reations regardless of the underlying distributions of the varigbles

involved.

By using the rank order of the samplesingtead of the actua samples, the measure of correlation

is not affected by skewed distributions or extreme values (so-called distribution-free and



outlier-resistance measure), and is therefore more robust than the smple correlation (or

Pearson correlation).

Importance is then defined as the absol ute rank-order correlation coefficient between the
sample of output values and the sample for each uncertain input. Unlike commonly used
deterministic measures of sengtivity, importance averages over the entire joint probability
digribution. Therefore, it works well even for modes where the senditivity to one input depends

strongly on the vaue of another [Lumina Decison Systems, 1996].

Figures 2 and 3 show the rdative importance of 9 variables on totd life cycle cost (LCC) and
changein totd life cycle cost (LCC) of the two dternative technologies (Cathode Cutout and
Electronic Rapid Start) with respect to Magnetic. For change in LCC (dLCC), the three most
important inputs having sgnificant large correlaions with the output (greater than 0.4) for dl
three technologies, are balast life, dectricity price, and annua operating hours. These three

inputs will have the dominant effect on changein totd life cycle cos.

The same analysis for payback times, as shown in Figure 4, shows that annua operating hours

becomes the mogt influentid input, followed by eectricity price and ballast consumer price

relative to other inputs.
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We conclude that the variables that tend to have the most Sgnificance in determining the
change in LCC (dLCC) and payback times include eectricity price, annud operating hours,
balagt life, and ballast consumer price. The consstently unimportant variables are timesto
change lamps and bdladts, labor rates for ingaling balasts and lamps, relamp life and lamp
price. To address discount rate variability, we ran these calculations for three scenarios:

discount rates of 4%, 8% and 12%. This paper reports only results from the 8% scenario.

Having finished a preliminary anadlyss of the sources of uncertainty, we can now conduct a
sengtivity andyds, examining one by one the effect of the key input variables on the output
variables. We have dso identified key areas for future research: balagt lifetime is an important
variable, but data on the lifetime of these commercid bdlasts are very poor. A nationd field

sudy could provide useful informetion to fill thisinformation gap.

5. SENSITIVITY ANALYSIS

L CC change and payback periods are calculated using a probability distribution curve of
possible vaues for the input variables weighted by ther likelihood of occurrence using the
Monte Carlo smulation technique. Asin the uncertainty andys's, we examined the two-lamp

FA0T12/ES product class of fluorescent lamp ballasts. We examined four important input
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variables: dectricity price, annud lighting hours, balast consumer prices and bdlast lifetime,
which contribute Sgnificantly to economic impacts. This andyss shows how variahility in these

inputs individudly affects changein life cycle costs and payback periods.

Generd Method

Life cycle cost and payback caculations are repeated using a different input value each time for
the parameter being varied, while other input parameters are held constant. The calculations are
described in an earlier paper, [LBNL 1996]. Each parameter is varied separately, so the
interaction between parametersis not considered. The empirica probability distribution of each
parameter is estimated from sample data to represent the range of conditions among U.S.
consumers. These digtributions are weighted so that economic benefits and cogts of energy

efficiency standards can be assessed on anationd scae.

Aswith the uncertainty andysss, the sengitivity andysis smulations used a Macintosh compuiter.
We congtructed the program first usng DEMOS, Decison Modding System, then transferred
the program to Analytica [Lumina Decison Systems, 1996]. The software took 1,000 samples
from the digtribution for one varigble a atime, while other variables were kept as sngle point
va ues taken from the conventiond engineering and economic anadyss. The Median Lain

Hypercube variation of a Monte Carlo smulation was the sampling method. We dso tested the
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Simple Monte Carlo and Random Latin Hypercube schemes but observed no significant

differencesin resulting variations. [See Appendix for more information on sampling methods|]

|. Sengtivity to Electricity Price

(@ Daa

We have combined data sets from severa sources to obtain the commercia sector dectricity
prices. We used 1995 investor-owned dectric utility (I0U) sdes and revenue data [EIA 1996]
combined with 1994 publicly owned dectric utility (POU) rates [EIA 1995]. These sources
provide commercia-sector eectricity prices from 145 mgor U.S. investor-owned utilities and
441 publicly-owned utilities. (The 1995 publicly-owned utility data were not available at the
time of the analysis.) In 1994, the |OUs accounted for more than 88% of the total ectricity

sdesin the commercia sector.

Figure 5 shows the rdlative frequency plot (hisogram) of eectricity prices weighted by sdes
volume. The x-axis presents the average eectricity prices for each utility, ranging from 1.6 to
14.4 ¢/kWh (1995%). The height of the bar represents the probability of the corresponding
electricity price, cdculated astheratio of each utility's commercia customer dectricity sdesto

tota commercid sdesby dl the utilities.
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Figure 6 and Table 2 show the cumulative probability function (curve) of dectricity price to
commercia customers congtructed from the datain Figure 5. The table or figure can be used to
estimate the probability that a given priceis less than or equd to any particular value of
electricity price. More than 97% of electricity salesin this sector occurs at prices between
$0.04/kWh to $0.12/kWh, since 2% of sales occur at prices less than $0.04/kWh, and 0.6%

of sales occur at prices greater than or equal to $0.12/kWh.

(B) Reslts

Cdculaing LCC at different vaues of dectricity prices resultsin Figure 7, which shows alinear
relationship between the change in LCC and dectricity price. Compared to the Magnetic
ballast, the Cathode Cutout and Electronic Rapid Start ballasts reduce LCC (resulting in a
negative LCC change) at prices above $0.032/kWh and $0.036/kWh respectively. In the case
of Cathode Cutout compared to Magnetic, for 99.5% of eectricity sdes (>$0.032/kWh), there
would be anet savings, and for 0.5%, anet cost to the consumer. Comparing Electronic Rapid
Start to Magnetic, for 99% of dectricity sdes (>$0.036/kWh), there would be a net savings,

and for 1%, a net cost to the consumer.

Two non-linear curvesin Figure 8 show the dependence of the payback periods of the

Cathode Cutout and Electronic Rapid Start design options rel ative to Magnetic on the
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electricity price. Based on the digtribution of eectricity prices, Table 3 gives the percentage of
eectricity salesin the U.S. commercia sector by payback period. Payback periods less than or
equd to 6 years occur for Cathode Cutout and Electronic Rapid Start for 93% and 95% of
electricity sales respectively. Electronic Rapid Start has a shorter payback period than Cathode
Cutout at electricity prices below $0.06/kWh, and Cathode Cutout has shorter payback than
Electronic Rapid Start at higher dectricity prices, Payback relative to Magnetic islessthan 6
years for both Cathode Cutout and Electronic Rapid Start at electricity prices above

$0.05/kWh. (For reference, the average balast lifetime is gpproximately 7.8 years.)

. Sengtivity to Annud Lighting Hours

(@ Daa

The annud lighting hours distribution was developed from Xenergy's XENCAP database
[Xenergy 1995]. We received an extract from Xenergy's lighting equipment database,
aggregated to the three-digit zip code level. This database contains data from audits of more
than 24,000 buildings across the U.S. and has information about operating hours and equipment
counts for various lighting equipment typesin the buildings audited. We used data from audits

performed during 1990 through 1995 to approximate current practice. These data were used
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to obtain a count of four-foot fluorescent lamp balasts, of which the two-lamp FA0T12/ES
balast is an example, found in each of 21 annud lighting hour "bins' (O to 8 hrswk, >8 to 16
hrs/wk, etc. corresponding to 0 to 416 hrs/yr, 417 to 832 hrdlyr, etc.). This distribution was
weighted by building type usng datain the 1992 Commercid Building Energy Consumption
Survey (CBECYS) [EIA 1994]. We then generated vaues continuoudy across the 21 lighting

hour "bins" through the sampling process so that full variability could be smulated.

Fgure 9 illugtrates the distribution dengity curve of lighting hours and Figure 10 showsthe
corresponding cumulative probability of annud lighting hours. The verticd scae of adensty
curve does not represent the actua probability of the corresponding x-axis value as it doesfor a
relative frequency plot (histogram) of adiscrete digtribution. Insteed, it depicts "probability
dengity," the probability per x-axis unit of generating a vaue within avery small range around

the x-axis vaue.

The percentage of ballasts operating in a specific interva of annud lighting hours can be
determined eadily from the cumulative distribution curve. For instance, the percent of balasts
with annud lighting hours between 2000 and 7000 hoursis about 86% (98% operating &t less

than 7000 hourslyear, minus 12% operating at less than 2000 hourslyear).
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(B) Reslts

The caculations of LCC were carried out using 1000 smulation samples taken from the
specified input digtribution for annua lighting hours and mean values for dl other parameters. A
scatter plot (Figure 11) of the sengtivity andysis of LCC change to lighting hours shows a non-
linear relationship between the input and the output, as well as the crossover points a which
each curve crosses the zero net savings line (LCC change = 0). The results show that when a
magnetic ballast is replaced with a cathode cutout balast, anet saving in LCC occurs for 98%
of ballagts, or those with annud lighting hours above approximately 900 hoursyear. A net
saving in LCC occurs for 97% of balasts, or those with operating hours above 1100 hrs/yr
when an magnetic balast is replaced with an dectronic rapid sart balast. Combining the
sengtivity scatter plot (Figure 11) with the input cumulative probability curve (Figure 10), we
can obtain an estimate of the percent of balastsin the commercid sector having anet LCC
savings for each of the design options. In the case of Cathode Cutout compared to Magnetic,
for 98% of ballasts there would be a net savings and for 2% of balasts a net cost. In the case
of Electronic Rapid Start compared to Magnetic, for 97% of ballasts there would be a net

savings and for 3% of ballasts a net cost.

The proportion of the ballast population with net savings during its life cycle can be represented

by the area under the dengity curve and to the right of the dashed line corresponding to the cut-
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off point of the lighting hours asillugtrated in Figure 12.

We implemented the same procedures for the sengitivity of the payback period to annua
lighting hours and the results are presented in Figure 13 and Table 4. At dl lighting hours, the
Cathode Cutout technology has a dightly shorter payback period than the Electronic Rapid
Start technology. For Cathode Cutout ballasts compared to the Magnetic, the payback isless
than 6 years for 86% of the ballasts, those operating less than 2000 hourslyear. For the
Electronic Rapid Start balast compared to the Magnetic, the payback period islessthan 6
yearsfor 84% of the balagts, those operating for more than about 2300 hrs/yr. These results
a0 show that at a specific number of lighting hours, the Cathode Cutout design has a shorter

payback period than the Electronic Rapid Start design.

[11. Sengtivity to Balast Consumer Prices of 2F40T12/ES

@ Input

We cdculated ballast prices by anayzing Bureau of Census reports, using the value and
shipments data for 1993 and 1995. A comparison of prices for the two years indicates that the

price for Magnetic and Cathode Cutout ballasts (listed as EMAG and CCUT in this source)
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have increased from 3% to 6%. Although this does not necessarily mean that the same
magnitude of increase gpplies to the end-user price, it does offer an indication of the price
trend. Hence, the ballast consumer prices (average or point vaues) for Magnetic and Cathode
Cutout are likely to be on the high Sde. The high priceis estimated as 15% higher than the

average price used in the andyss. The low end is estimated 10% lower than the average.

The prices calculated from the Bureau of Census reports for eectronic ballasts (Electronic
Rapid Start and Electronic Instant Start), on the other hand, decreased by about 15% from
1993 t0 1995. Therefore, the consumer prices for eectronic balasts tend to be lower than the
average price used in the LCC and payback andysis. The high price is estimated as 5% higher

than the average price, and the low priceis estimated as 25% lower than the average price.

Based on the estimates, we have specified the distributions of balast consumer prices for
Magnetic (the baseline), Cathode Cutout, and Electronic Rapid Start designs as shown in Table
5. We then produced the digtribution of incrementa price by subtracting the basdline
digtribution from the didtribution of each design option. These distributions represent varigbility
in the incrementd ballast price of each design with respect to the basdline, which causes
variability in the LCC change and payback period. We assume that more energy-efficient
designs are dways more expendve than the basdline. Figures 14 and Table 6 illugtrate the two

incrementa dengity curvesand cumulative distributions respectively for 2F40T12/ES product
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(b) Results

A scatter plot in Figure 15 showing a linear dependency between LCC change and incrementa
digtribution of ballast consumer price indicates that both Cathode Cutout and Electronic Rapid
Start desgn options will have net savings over the full range of incrementa balast prices.
Extending the two sraight lines upwards further, the conclusion is that the incrementd price of
Cathode Cutout-Magnetic would approximately need to exceed $15 and the Electronic Rapid
Start-Magnetic, to exceed $24, before net costs (increased LCC) would result from these two

more efficient desgns.

Findly, as shown in Figure 16, alinear rationship is vigble between payback period and
incrementd balast price. The payback period will increase more rapidly for the Cathode
Cutout design than Electronic Rapid Start as their corresponding incrementa price goes up.
Thisimplies that the time the Cathode Cutout balasts require for a return on investment may be
more sengtive to the change in balast price than the time required by the Electronic Repid

Start. Table 7 shows payback period given the incrementa ballast price of each design option.
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IV. Sengtivity to Baladgt Lifetime

@ Input

The lifetime of balasts has been estimated as atriangular distribution (Figure 17) specified by
three parameters. They are: minimum lifetime, 2,000 hours, mode, 45,000; maximum lifetime,
80,000. The modeis the lifetime that has the greatest probability dendty (or the highest
possibility). Estimates of the three parameters are based on engineering judgment from the

limited data available®.

Since the digtribution is asymmetric, with alarger range to the left, the mean (42,330) isless
than the mode (45,000). Figure 18 and Table 8 show the cumulative probability of the lifetime
of the balagts having specific vaues. Bdlasts having lifetimes less than 20,000 hours condtitute
10%,; 20,000 to 60,000 hours are 75% of dl balasts, and the remaining 15% have lifetimes

greater than 60,000 hours.

Because the probability density at two ends is low, the minimum and maximum values
were not picked up by the sampling process as shown in the statistics table in Figure 17.
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(@ Reslts

Two non-linear curves in Figure 19 present the change in LCC over the range of ballast
lifetime. They were generated from asmulation run of 1,000 samples. At low ballast lifetimes,
Electronic Rapid Start has higher net costs than Cathode Cutout. Because Cathode Cutout has
adifferent relamp period from that of the Magnetic and Electronic Rapid Start balasts (16,150

versus 19,000 hours), the LCC change curve (Cathode Cutout-Magnetic) is discontinuous.

Note that there are four discontinuous segments in the LCC change (Cathode Cutout-
Magnetic) curve caused by the difference in relamp periods between the Cathode Cutout and
the basdine Magnetic. The four segments rangesin lighting hours are 16,150 to 19,000;
32,300 to 38,000; 48450 to 57,000; and 64,600 to 76,000. The first two segments result in
net codts (a pogitive LCC change) and the last two, in net savings (negative LCC change). By
examining both Figure 18 and 19, we made an gpproximation that for 82% of Cathode Cutout
ballagts, there would be a net saving relative to Magnetic and for 18%, anet cost. We
estimated the total net savings (83%) and net costs (17%) for Electronic Rapid Start taking into

account both the primary trgjectory and the segments.

To seethe percentile of bdlastsin different LCC change intervas, we have produced the

cumulative probability curve of LCC change (Figure 20) and a bar chart (Figure 21). Most of
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the Cathode Cutout balasts, about 70%, have moderate net savings, $0 to $10, during their life
cycles. A mgority of the Electronic Rapid Starts, about 60%, generdly have higher net savings,

ranging from $5 to $15.

6. REFINED DISTRIBUTIONS AND RESULTS

The sgnificance of the importance assessment is that it allows andyds to identify the input
variables that have more impacts on the output than the othersin a quantitative model. After
knowing which variables are more important, they can focus time and effort on collecting more
accurate information or formulating better distribution functions to reduce uncertainty in these
influentid variables so that the smulation result would have less variation. Therefore refining
andysis with revised digtributions for the important variables becomes a necessary step for a
complete uncertainty sudy. In this section, we present revised distributions for three variables

identified in Section 4 (The Importance Assessment) and a brief description for each.
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|. Didributions

Balagt Price

A refined digribution of the incrementd balast price was obtained by performing a nation-wide
survey of ballast pricesin the market place. With the god of gathering ballast price data, LBNL
attempted to contact two electrical distributors per state in late 1998 and January 1999. Each
distributor was asked to give a contractor price for each of the ballasts, assuming an order for
100 of any given ballagts, for a“good” client. The resulting prices were then marked-up by
13% to account for contractor mark-up. Thisis the mark-up alighting contractor would charge
its dient for buying and ingaling the bdlasts. Table 9 shows two norma digtribution
parameters of the incrementa ballast prices for both Cathode Cutout and

Electronic Rapid Start.
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Table9 Mean and Standard Deviation of Incrementa Bdlast Prices

Incrementa Ballast Price (1997$) - Norma Distribution

Design Options Mean Vdue Standard Deviation

(2-Lamp Feature)

Cathode Cutout 9.04 1.36
Electronic rapid Start 114 171
Electricity Price

The dectricity price digtribution was further refined S0 as to use the eectricity price at the
margin that a consumer faces as aresult of a decreasein eectricity consumption. Margina
electricity pricesin $1997/kWh are used. A detailed explanation of the process for deriving
these marginal eectricity rates can be found in the Technica Support Document (TSD) [US
DOE, 2000]. Electricity prices projected for the year 2003 are used because that isthe earliest

year in which changesto the minimum ballast efficiency standards could occur.

Electricity price isafunction of the average price digtribution obtained from the Energy

Information Agency’s data on revenue and sdes, for the industria and commercid sectors by
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utility, and the epsilons discussed in the TSD. Epsilon is the percent difference between the
average dectricity price and the margina price caculated for each customer on each tariff (the
average epslon is 5.5%). Using the epsilons discussed in the TSD, the margind dectricity
priceiscdculated as.

Margind Electricity Price = Sdes Weighted Average Price x (1 + Epsilon)

Figure 22(A) and (B) illustrate the distributions of 1997 commercia average electricity price

and Epslonsthat are used to caculate the margina eectricity rate.

Bdlagt Life

An average life of 50,000 hoursis assumed for the ballast with a Weibull digtribution starting at

18,000 hour life used to describe the uncertainty in the lifetime as shown in Figure 23. Welbull

distributions describe data resulting from life and fatigue tests and are commonly used to

describe falure time in reiability sudies.
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Annua Operating Hours

There is no further refinement on this variable.

[1. Smulation Reaults

With the revised distributions discussed above, we conducted a smulation with 10,000 trids
using an Excd spreadsheet modd and Crysa Ball, acommercid smulation software. Figures
24 - 25 present estimated digtributions of LCC savings, changesin life-cycle cost of adesign
option from the baseling, for both Cathode Cutout and Electronic Rapid Start (US DOE,
2000). It is shown that with the 10,000 samples used, the average cost for CC is about $2 and
the average saving for ERSis $6, respectively. Thefigures have aso reveded that more than

30% or 80% of the samples would have saved money if CC or ERS had been adopted.

Payback digtributions for CC and ERS areillugtrated in Figures 26 and 27. They show that for
the 10,000 cases analyzed for each lamp/ballast combinations, there are more than 70% or
95% of samples whose payback period isless than 15 years for CC or ERS respectively (US

DOE, 2000).

Finaly, an importance assessment is revisited with the three revised distributions (Ballast price,

Electricity price, and Balast life-time). With comparisons with Figures 2 and 3, the reaults,
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Figures 28 and 29, show that the refinement of distributions do not dter the relative rankings of
those important variables identified before for both LCC changes and payback caculations.
The only exception isthat the balagt lifetime with anew Weibull distribution depicted in Figure
23, gppearslessinfluentid in determining the LCC changes than with the previous Triangular

digtribution shown in Figure 17.

7. GENERAL CONCLUSIONS

We have gpplied uncertainty determination, importance assessment, and sengtivity andysesto
study the variability of life cycle cost and payback times for two-lamp eectronic ballasts
typicdly found in the commercid sector. The overdl uncertainty determingtion illugtrates the
entire spectrum of possble output values associated with their likelihood of occurrencein
response to the various values of theinputs. The importance assessment shows that for the
LCC cdculation out of nine variadles, with distributions representing variations of vaues,
eectricity price, bdlast life, and annud lighting hour have the most impact on the variation in the
output of totd life cycle cost, and that out of eight variables, annud lighting hours, eectricity
price, and balast consumer price are more important than othersin determining the uncertainty
in the payback time for two energy-efficient aternatives to the current magnetic balast. These

resultsidentify the input variables with the most sgnificant contribution to uncertainty. These
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vaiables are therefore sngled out for sengtivity analyss.

Using sengtivity andyss, we have shown the effect of each of four variables, dectricity price,
annud lighting hours, balast price, and ballast life, on totd life cycle cost and payback timeto
each of two energy-efficient aternatives, Cathode Cutout and Electronic Rapid Start, with
respect to the magnetic balast. The results can be stated in the form of a comparison of ranges
of input and output variables.  For example, for eectricity prices > $0.032/kWh, the sengitivity
andysis showsthat for 99.5% of electricity sdes there would be a net savings for Cathode
Cutout compared to Magnetic, while for 99% of eectricity saes, there would be a net savings

for Electronic Rapid Start compared to Magnetic.

We have demondirated that importance assessment and sengtivity anadyses offer valuable tools
for anaysts and policy makers who are assessing proposed energy efficiency standards that
require the adoption of new technologies. Uncertainty analyss dlows the investigator to
determine which of the values are contributing the most to uncertainty in the output variables,
eg. life cycle cost or payback times, and which are not affecting these outputs substantialy.
Thus, the investigator can focus more resources on gathering the most extensive and accurate
datafor only the most important input variables, and spend less effort on the less important

variables.
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Sengitivity analys's provides comparisons of the benefit or cost to consumers of new and
basdine technologies for a given range of vaues of asngle variable such as ectricity price or
product cost. The andysis can provide an indication of how many consumers will benefit from
the adoption of the technology, and how many will incur acos a a given range of the input
variable. Thisinformation helps reduce the number of scenarios that a policymaker must
evduate from the thousands, involving a dozen variables or more, to just a handful, involving a

few key variables.

Findly, asmulation run of the LCC and payback is conducted with dl 9 digtributions, including
four revised didributions. Although the average values of output do not show sgnificant
difference from the result using the previous distributions, the variations of LCC change, the

difference between the design options and the basdline, are reduced sgnificantly.
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8. APPENDICES

A. Monte Carlo Smulation

Simulation can be defined as the repetitive andyss of a mathematicad model. The Monte Carlo
amulation refers to a class of smulation techniques for decison-making in which probability
distributions are used to obtain input parameters when the mode is being evauated (Ripley,
1987; Smith, 1994; Burmaster and Anderson, 1994). The digtributions are used to generate
random outcomes for each parameter that is considered to be important and has a probabilistic

vdue

A digtribution can ether be gpproximated by atheoretica one such asanorma or exponentia
digtribution curve, or represented by an empirica probability table in which the probability of
occurrence of various distinct vaues (levels) are estimated by their reative frequenciesin
sampled data or weighting factors from the existing data sources. These random outcomes are
then used in calculations of the decison criterion (or measure of merit), which inthisandyss are
life cycle cost and payback times. Since other parameters are entered as fixed valuesin dl
cadculations, the variability in the outputs (LCC and Payback) caculated by Monte Carlo

amulation is due entirely to the mode uncertainty and the variation in the parameters under
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sudy.

The core of the Monte Carlo smulation is that the outcomes of the parameter under study must
be randomly sdected from the distribution representing it. Two sampling methods widely used
in computer smulations are the Smple Monte Carlo and the Latin Hypercube (Morgan and
Henrion, 1990). The Smple Monte Carlo sampling first draws a cumulative probability curve
from a specified digtribution (theoreticd digtribution or empirica probability table). Thena
random generator is used to produce a set of independent, uniformly distributed numbers, R,
(i.e., numbers between 0 and 1). Through therule of an inverson (Ripley, 1987), a st of the
input vaues X, corresponding to the cumulative probability curve can be obtained for a given

sampleszen.

However, in a parametric sendtivity sudy, the ultimate god of the smulation is not the
randomness but the resulting equidistribution (or equiprobable) properties of the sets of values
in the parameter pace (Morgan and Henrion, 1990). To achievethis, atechnique called Latin
Hypercube Sampling (LHS) that uses a dtratified sampling gpproach, was originated (Iman and
Conover, 1980). It divides each input distribution into n (sample Size) equiprobable intervals.
A snglevaueistaken a random from within each of these intervas, based upon the probability

digtribution. This produces a sample of n vaues for each input digtribution which are more
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uniformly spread out than for gtrict random sampling. In avariation of LHS, Median Latin

Hypercube, the median of each of the n intervasis chosen ingead of arandom vaue so that a

more uniform sampling is produced.

B. Cdculations Used in the Andlyss (Two Lamp FA0T12/ES)

(1) Gened Inputs

y  Blife
(BL) Bservice | 0wt OPII_It>0
1 0,otherwise

1 (:95XLLPx.6 + .05XLDP)XBNNXDEF,LDP >0
Lprice=| :
T (.95xLLPx.6 + .05xLLPx.45)xBNNXDEF, otherwise

where:
LDP = 1.18 ($/lamp) DGSC lamp list price (1994%);
BNN = 2, number of lamps per balast;
DEF = 1, deflator factor.

(B13) Period = ooy w
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(B14) PWf = 53z x[1- (1+ Drate) ™|

where: Drate={0.04, 0.08, 0.12}, discount rate chosen;

TableBl. Parametersin Generd Inputs

Parameter Definition Forms of Uncertainty Source
Blife Lifetime of ballast (hrs) Triangular (2K, 45K, 80K) Prior knowledge
Bservice Ballast lifetime in service (yrs) Derived Calculated in (B1.1)
Ele pri Electricity price ($/kWh) Empirical Distribution EIA 1995 & 1996
Laborl Helper's Labor rate for installing Triangular (18.75, 29.35, Subjective

lamp ($/hr) 34.38) Judgement
Labor2 Electrician’s labor rate for Triangular (35, 42.10, 52.5) Subjective judgement

installing ballast ($/hr)

Lprice Lamp equipment cost ($) Triangular (1.68, 2.77, 5.97 Prior knowledge
Ophr_lt Annual Lighting hours (hrs/yr) Empirical Distribution Xenergy 1995
Period Period of analysis (yrs) Derived Calculated in (B1.3)
Pwf Present worth factor Derived Calculated in (B1.4)
Lip Lamp list price ($) Triangular 1.68, 2.77,5.97)  Prior knowledge

(2) Tota Ingalled Cost

Totd ingdled cost of aballast is the sum of costs for balast and lamps. Equation (B2.1)

cdculates the present vaue of the quantity:



(B2.1)

where:

Pv_ | ampbali = Pv_lamp+ Pv_bal,

| =0, 1, 2; anindex for design options.

Each of the two components is computed from a set of equations shown in the following:

I. Lamp Ingtdled Cost:

The lamp inddled cost refersto the cogts of ingtaling al replacement lamps during the

bdladt life time; whereas the cost of ingdling the initid lamp(s) areincluded in the

cdculation of bdlast ingdled cost.

(B22) Cost_llab= (%“) x Labor 1
o 7= Ophr_It>0
(B2.3) Lservice= | &"-" PAr_
1 0,otherwise
(B2.4) Per1= Round [(%) + 0.5] x Lservice
(B2.5)
Py_lamp = [{ e irprsel -6 2], (Cogt_llab + Lprice)

Table B2 ligsdl parameters used in the caculation of the lamp ingdled cost and briefly

describes the forms of their uncertainties and sources.
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Table B2. Parametersin Lamp Instaled Costs

Parameter
Cost_llab
Lservice
Per 1

Pv_lamp

Ttc_lam

Meaning Forms of Uncertainty Source
Lamp labor cost (%) Derived Calculatedin (B2.2)
Lamp servicelife (yrs) Derived Caculated in (B2.3)
Intermediate variable * (yrs) Derived Cdculated in (B2.4)
Present value of lamp cost ($) Derived Calculatedin (B2.5)
Timeto change lamp (min.) Triangular (18.8,23.5,28.2) Prior knowledge

* used to allow calculation of the full cost of the final replacement lamp.

II. Bdlast Ingtalled Cost:

Likewise, bdlast ingdled cost is computed from the following set of equations. Table B3

givesasummary of the parametersin the caculations.

(B2.6)

(B2.7)

(B2.8)

where

- .
Cost_bl abzge tc&)bal gx( Labor1+2 Labor 2)

Bprice; = Bconpri; + Lprice

1- (1+Drate)” Bservice Drate

(Cost _blab+ Bprice; ) ] X[l_ (1+ Drate)” Period]

i =0, 1, 2; representing design options

As mentioned above, the bdlast isingaled with lamp(s) and therefore the balast labor

cost, Cost_blab, aswell as the present vaue of bdlast ingaled cog, Pv_bal;, have

included these initid lamp(s) codts.
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Table B3. Parameters of Ballast Installed Cost

Parameter Meaning Forms of Source
Uncertainty

Bconpri0 Baseline ballast consumer price ($) Normal Subjective judgement (*)
(11.20,12.44,14.31)

Bconpril Design 1 ballast consumer price (%) Normal Same as above
(16.97,18.86,21.69)

Bconpri2 Design 2 ballast consumer price ($) Normal Same as above
(21.71,28.94,30.39)

Bprice Ballast price (%) Derived Calculated in (B2.7)

Cost_blab Ballast labor cost ($) Derived Calculated in (B2.6)

Pv_bal, Present value of ballast cost ($) Derived Calculated in (B2.8)

Ttc_bal Timeto change ballast (min.) Triangular (24,30,36) Prior knowledge

*The judgement is based on manufacturer’s retail price and 20% of it is taken as the standard deviation

(3) Annua Electricity Cost

This part of anadysisisto caculate annud eectricity cost during the entire lifetime of a
bdlagt. Since each engineering design has different energy efficiency, dectricity usage
vaies. Energy saving isthen contributing to the life-cycle cost and is one of the criteriain
engineering design. The equations are shown below.

Nwattj xOphr _It
(B3.2) Elec_usg = 1000

where: Nwatt, = 72.7 (W), normalized fixture wett for the basdline (Magnetic);
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Nwatt,= 65.6 (W), normalized fixture watt for design option 1 (Cathode
Cutout);

Nwatt, = 61.9 (W), normaized fixture watt for desgn option 2 (Electronic

Rapid Start);
(B3.2) Elec_cost; = Elec_use; x Ele_ pri
where: i =0, 1, 2; representing design options

Table B4. Parameters of Electricity Cost

Parameter Meaning Forms of Uncertainty Source
Elec_cost Annual eectricity cost, ($) Derived Calculatedin (B3.2)
Elec_use Annual electricity use, (kWh/yr) Derived Cdculated in (B3.1)

(4) Life Cycle Cost and Payback

Thefind part of the analyssisto compute total and annud life-cycle cost aswell as

payback period for each engineering design of the product. The equations are the

following:
(B4.1) Tot_lcc; = Pv_lampbal; + Elec_cost; x Pwf
Tot_Icci
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(B4.3) Bal_cost; = Bprice + Cost_blab

Ophr _Itx( Lprice+ Cost__llab)
Relamp

(B4.4) Anlmp__cost; =

Bal _cost; - Bal _(:ostO

(B45)  Payback;= T
?EIec_costo- Elec_cost ;: + gAnlmp_cost,- Anlmp_cost;

where: i = 1, 2; representing design options other than the basdline.
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Figure 3. Relative Importance of the Inputs to Total LCC Changes

B Cathode Cutout vs. Magnetic

@ Electronic Rapid Start vs. Magnetic
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Frequency

Figure 5. U.S. Commerclal Sector Electricity Price ($1995/kWh)
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Figure 6. Cumulative Probability of Commercial Electricity Price in 1994 - 95
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Table 2. Cumulative Probability of Commercial Electricity Price

Priceless -{- Percent
than ($/kWh) of sales
0.02 0.1%
004 2.0%
0.06 21.0%
0.08 73.0%
0.10 94.0%
0.12 99.4%
0.14 99.6%
0.16 100.0%
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TOTAL LCC CHANGE ($)

Figure 7. TOTAL LCC CHANGE (§): Two Lamp F40T1V/ES

Net Savings or Net Costs Depend on Electricity Price
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For CC-EEM, Net Savings Occur Above $0.032/kWh for 99.5% of Electricity Sales
For ERS-EEM, Net Savings Occur Above $0.036/kWh for 99% of Electricity Sales
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PAYBACK (Years)

Figure 8. Secasitivity of PAYBACK To Electricity Price

Two Lamp IF40TI2/ES
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Table 3. Payback by Percent of U.S. Commercial Electricity Sales

(Two Lamp F40T12/ES)
Payback Less Than Cathode Electronic
Cutout vs. Rapid Start
(Years) Magnetic vs. Magnetic

3 20% 14%
6 93% 95%
9 98% 99%
12 99.5% 99.5%
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Figure 9. Ballast Annual Lighting Hours in U.S. Commercial Stock
(Four Foot Lamp)
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Figure 10. Cumulative Probability of Annual Lighting Hours
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'TOTAL LCC CHANGE (§)

Figure 11. TOTAL LCC CHANGE (§): Two Lamp F40T1Z/ES
Net Saving or Net: Cost Depend on Lighting Hours
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Figure 12. Net Savings Occur above 900 hoursfyear with 98% of Ballasts
and 1100 hourslyear 97% for CC and ERS respectively
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PAYBACK (Years)

Figure 13. Sensitivity of PAYBACK To Lighting Hours

Two Lamp F40T12/ES
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Table 4. Payback by Percent of U.S. Ballasts in Commercial Stock
Depending on Annual Lighting Hours

{Two Lamp F40T12/ES)
Payback Less Cathode Cutout Electronic Rapid Start
Than (Years) Compared to Magnetic - Compared to Magnetic
3 31% 24%
6 86% 84%
9 96% 95%
12 98% 97%
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Table 5. Distributions of Ballast Consumer Prices

(2F40T12/ES)
Design Options 2F40T12/ES
Magnetic Triangular (11.20, 12.44, 14.31)
Cathode Cutout Triangular (16.97, 18.86, 21.69)
Electronic Rapid Start Triangular (21.71, 28.94, 30.39)

NOTE: Three parameters in a Triangular distribution are minumum, likeliest,

and maximum.
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Probabliity Denslty

Figure 14. incremental Distribution of Ballast Consumer Prices
in Commercial Sector (2F40T12/ES)
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Table 6. Cumulative Probability of Incremental Ballast Price
' (2F40T12/ES)

Incremental | Cathode Cufout | Elec. Rapid Start
Ballast Price VS, VB,
Less Than ($) Magnetic Magnetic
2 0% -
4 ‘ 2% -
6 33% -
8 90% 0%
10 100% 2%
12 - 15%
14 . - 40%
16 - 76%
18 - 99%
20 - 100%
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Figure 15. TOTAL LCC CHANGE (§): Two Lamp F40T12/ES

Net Savings or Net Costs Depend on Incremental Ballast Price
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Figure 16. Sensitivity of PAYBACK To Incremental Ballast Price
Two Lamp F40T12/ES

(Years)
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Table 7. Payback by Percent of U.S. ballasts in Commercial Stocks
Due to the Variability of Incremental Ballast price
(Two Lamp F40T12/ES)

Paybackless | Cathode Cutout | Elec. Rapid Start
than (Years) vs. Magnetic vs. Magnetic

‘2 0.5% ' 0%
3 18% 4%
4 69% 44%
5 97% 99%
6 100% 100%
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Figure 17.  Lifetime of Ballast (Foux.' Foot Lamp)
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Figure 18. Cumulative Probability of Lifetime of Ballast
(Four Foot Lamb)
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Table 8. Cumulative Probability Table
of Ballast L.ifetime

Ballast Lifetime Percent of Ballasts
Less Than (Hours) " in Commercial
i Stock

10,000 29%-
20,000 10%
30,000 24.%
40,000 A43%
50,000 o 67 %
60,000 85%
70,000 96%
80,000 . 100%%

60



TOTAL LCC CHANGE (%)

Figure 19. TOTAL LCC CHANGE ($): Two Lamp 2F40TI12/ES
Net Savings or Net Costs Depend on Ballast Lifetime
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Cumulative Probabllity
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Figure 20. Cumulative Probability of Total LCC Change
Depending on Ballast Lifetime
(2F40T12/ES)
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Figure 22 (A). Distribution of 1997 Average Commercial Eectricity Prices

Relative Probabili

Epsilon
230 i
A72
1
415
057 -
Om *_iunjn-——————mm m—% —
-0:85 -0.51 0147 052

Figure 22 (B). Distribution of Epsilons
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Probability

Ballast Life (h)

18000 35907 53814 7721 89628

Figuré 23. Ballast Life Time (Weibull Distribution)
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Forecast LOC Savings 2F40 (Conirercial)- CC
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Figure 24. Life-Cycle Cost Savings for 2F40T12 CC in Commercial Sector
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Figure 25. Life-Cycle Cost Savings for 2F40T12 ERS in Commercial Sector
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Forecast Payback 2740 (Commercial) - CC
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Figure 26. Payback Distribution for 2F40T12 CC in Commercial Sector
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